Introduction
The vomeronasal organ (VNO) is a chemosensory organ in higher vertebrates and resides at the base of the nasal septum. It is thought to be specialized in the detection of pheromones that mediate behaviors such as mating and aggression (Keverne, 1999; Dulac and Torello, 2003; Halpern and Martinez-Marcos, 2003) , but the VNO has neither a specificity nor the exclusivity for pheromone detection: "common" odorants can also be detected by the VNO (Sam et al., 2001; Trinh and Storm, 2003) , and, conversely, molecules with pheromonal effects can also be detected by the main olfactory epithelium (Brennan and Zufall, 2006; Zufall and Leinders-Zufall, 2007) . Vomeronasal sensory neurons (VSNs) express genes of two superfamilies that encode polypeptides with a putative seven-transmembrane-domain structure: vomeronasal receptor genes V1R (Dulac and Axel, 1995; Rodriguez et al., 2002) and V2R (Herrada and Dulac, 1997; Matsunami and Buck, 1997; Ryba and Tirindelli, 1997) . The cell bodies of V1R ϩ and V2R ϩ VSNs reside in nonoverlapping layers of the VNO epithelium: apical and basal, respectively. The spatial restriction of V1R and V2R gene expression correlates with differential expression of two G-protein subunits, G␣ i2 and G␣ o (Berghard and Buck, 1996; Jia and Halpern, 1996) . This duality is maintained at the level of the accessory olfactory bulb (AOB): axons of VSNs from the apical and basal layers synapse in, respectively, the anterior (aAOB) and posterior (pAOB) halves of the AOB. V1R ϩ VSNs respond to volatile compounds that have pheromonal activity in phenomena such as puberty delay, estrus induction, and intermale aggression (Leinders-Zufall et al., 2000; Boschat et al., 2002; Del Punta et al., 2002a; Stowers and Marton, 2005) . V2R
ϩ VSNs respond to nonvolatile ligands such as major histocompatibility Mhc class I peptides, which function as individuality signals underlying mate recognition (Leinders-Zufall et al., 2004) , ESP1, a male-specific 7 kDa peptide secreted from the extraorbital lacrimal gland (Kimoto et al., 2005) , and MUPs, major urinary proteins (Chamero et al., 2007) .
Others (Loconto et al., 2003) and we (Ishii et al., 2003) have shown that V2R ϩ VSNs express another multigene family, termed H2-Mv, representing nonclassical class I genes of the Mhc. Each of the nine H2-Mv genes is expressed in a subset of VSNs; individual VSNs can coexpress multiple H2-Mv genes. These H2-Mvs are coexpressed in a combinatorial manner with the V2R superfamily. It has been proposed that H2-Mvs function as escort molecules in the transport of V2Rs to the cell surface and are restricted to dendrites (Loconto et al., 2003) . However, H2-Mv genes are not present in the opossum genome, which nonetheless contains 70 -120 V2R genes with an intact open reading frame (Shi and Zhang, 2007; Young and Trask, 2007) .
Here, we reveal a tripartite compartmentalization of the mouse VNO and AOB, with three neuronal populations: V1R ϩ VSNs, V2R ϩ H2-Mv Ϫ VSNs, and V2R ϩ H2-Mv ϩ VSNs. A substantial fraction of V2R receptors is unlikely to be dependent on these H2-Mv molecules for surface expression because the genes are not coexpressed.
Materials and Methods
In situ hybridization. Male mice were used for all experiments. In situ hybridization (ISH) was performed as described (Ishii et al., 2004) . RNA probes were prepared for H2 -Mv, V2r1b, V2ra, V2rb, V2rc, and V2rf1-3 (Ishii et al., 2003) , V1rb1 , V2rf4 (nucleotide 21286287-21286501 from GenBank accession number NT_039500.7), V2ro (nucleotide 430 -947 from GenBank accession number XM_001472549.1), pan-specific Mhc class I (␣3 domain of H2-Q1, nucleotide 655-841 from GenBank accession number NM_010390.2), and tauVenus (bovine tau, nucleotide 102-621 from GenBank accession number NM_174106.2; Venus, nucleotide 1543-2262 from GenBank accession number DQ289580.1). The probe V2rf1-3 is identical to the probe V2rf in the study by Ishii et al. (2003) . The mixed H2-Mv probe was prepared by mixing all nine H2-Mv probes after each probe was tested by ISH. To enhance the probe specificity of M10.2 and M9, cRNAs without antigen from other M10s and M1 were added to M10.2-digoxigenin (DIG) and M9 -DIG probes in the hybridization mixture, respectively. In the ISH conditions used, sequence homology of Ͻ80% does not result in cross-hybridization. The bovine tau probe does not cross-react with murine tau. Probe specificity was determined by analysis of related genes in the mouse genome sequence and, in some cases, confirmed by multicolor ISH. There are two nomenclatures for H2-Mv genes (Ishii et al., 2003; Loconto et al., 2003) . (Bozza et al., 2002) was replaced with Venus (Nagai et al., 2002) (Feinstein et al., 2004) was replaced with ACNF, was inserted in the PacI site, generating the M10.2::GFP-ACNF targeting vector.
For the V2rf2 targeting vector, an 8.5 kb EcoRV-PvuII fragment containing the transmembrane domain exon and 3Ј nontranslated region of V2rf2 was subcloned, and a PacI site was generated one nucleotide after the stop codon of V2rf2. The IRES-BL-ACNF cassette, in which tauGFP of the IRES-tauGFP-ACNF was replaced with barley lectin (Horowitz et al., 1999) , was inserted in the PacI site, generating the V2rf2-IRES-BL-ACNF targeting vector. The vectors were linearized and electroporated into E14 embryonic stem (ES) cells as described previously (Mombaerts et al., 1996) . G418-resistant clones were screened by Southern blot hybridization with probes that are 5Ј external to the targeting vector of both M10.2 (nucleotides 22488475-22487976 from GenBank accession number NT_039649.6, EcoRI digestion of genomic DNA) and V2rf2 (nucleotides 5141453-5142292 from GenBank accession number NW_000028.1, PacI and KpnI digestions of genomic DNA). Homologous recombinant ES cells were injected into C57BL/6 blastocysts, and chimeras were bred with wild-type C57BL/6 mice. The M10.2-tauVenus, M10.2::GFP, and V2rf2-BL strains are in a mixed (129 ϫ C57BL/6) background. The strains will be publicly available from The Jackson Laboratory (Bar Harbor, ME), as follows: M10. Immunohistochemistry. All mice used for analysis are male. Wild-type mice are C57BL/6J, and mutant mice are in a mixed (129 ϫ C57BL/6) background. Dissection and sectioning were performed as described (Ishii et al., 2004) except that postfixation with 4% paraformaldehyde/ PBS was performed for 2 h for both VNO and AOB samples, and the decalcification step was omitted for AOB samples. Sections were fixed in 4% paraformaldehyde/PBS for 15 min and blocked in 5% horse serum and 0.1% Triton X-100/PBS for 60 min, followed by incubation with primary antibodies at 4°C overnight. After washing in 0.1% Triton X-100/PBS, sections were incubated with secondary antibodies at room temperature for 2 h and counterstained with TOTO-3 (Invitrogen, Carlsbad, CA). Primary antibodies were the rabbit anti-V2R2 antibody (Martini et al., 2001) , chicken anti-GFP antibody (Abcam, Cambridge, MA) used as an anti-Venus antibody, goat anti-wheat germ agglutinin antibody (Vector Laboratories, West Grove, PA) used as an anti-barley lectin antibody, and rabbit anti-G␣ o antibody (Santa Cruz Biotechnology, Figure 1 . Onset of M9 expression follows expression the V2rf1-3 subfamily. A-D, Two-color ISH with the M9 probe (red) and the V2rf1-3 subfamily probe (green) on coronal sections of the VNO of wild-type mice at 1 week (1w, A), 2 weeks (2w, B), 4 weeks (4w, C), and 8 weeks (8w, D). VSNs that are labeled with both probes appear yellow. E, Ratio of M9 expression among V2rf1-3 ϩ neurons increases with age: 10 Ϯ 2.6% at 1 week, 37 Ϯ 5.3% at 2 weeks, 59 Ϯ 6.5% at 4 weeks, and 90 Ϯ 4.4% at 8 weeks. F, Ratio of V2rf1-3 expression among M9 ϩ neurons remains consistent at all ages: 100% at 1 week, 98.7 Ϯ 1.5 at 2 weeks, 100% at 4 weeks, and 99.3% Ϯ 0.58 at 8 weeks. Average Ϯ SD for three mice are shown in E and F. Scale bar, 100 m.
Santa Cruz, CA). Secondary antibodies were Alexa 555 donkey anti-rabbit IgG, Alexa 546 donkey anti-goat IgG (Invitrogen), FITC donkey anti-chicken IgG, and cyanine 5 donkey antirabbit IgG (Jackson ImmunoResearch). Sections were analyzed with a Zeiss (Oberkochen, Germany) LSM510 confocal microscope.
Gene nomenclature. The genes we call V2rf1, V2rf2, V2rf3, and V2rf4 are identical to mV2R56, mV2R58, mV2R57, and mV2R55 in the study by Yang et al. (2005) and to Vmn2r82, Vmn2r81, Vmn2r80, and Vmn2r83 in the study by Young and Trask (2007) . Moreover, V2rf2 is identical to EC1-V2R (Loconto et al., 2003) . V2r1b (Del Punta et al., 2002b ) is identical to mV2R19 (Yang et al., 2005) and to Vmn2r26 (Young and Trask, 2007) . For H2-Mv genes, we continue to use the nomenclature used by Ishii et al. (2003) , as follows: M10.1 (M10.2 in the study by Loconto et al., 2003) 
Results

Maturation of H2-Mv expression during postnatal development
The onset of H2-Mv expression follows that of V2Rs during postnatal development (Ishii et al., 2003) . To define the temporal expression pattern in more detail, we examined M9 and V2rf1-3 mRNA coexpression in mice of ages 1, 2, 4, and 8 weeks by ISH ( Fig. 1 A-D) . The M9 probe is specific to M9 of the H2-Mv family, and the V2rf1-3 probe detects three V2R genes: V2rf1, V2rf2, and V2rf3. We find that, in mice that are 1 week of age, ϳ10% of V2rf1-3 ϩ cells coexpress M9. This fraction increases to ϳ37% at 2 weeks and to ϳ59% at 4 weeks, and reaches ϳ90% at 8 weeks ( Fig. 1 E) . The converse is not the case: close to 100% of M9 ϩ cells are labeled with the V2rf1-3 probe at all stages ( Fig. 1 F) . Thus, M9 expression appears to undergo a process of maturation at the population level of VSNs. To exclude this confounding factor, mice are at least 8 weeks old in the analyses below, unless mentioned otherwise. 2C ) and probe V2rf1-3 (detecting V2rf1, V2rf2, and V2rf3 but not V2rf4 ) for H2-Mv ϩ VSNs (Fig. 2 D) , together with G␣ i2 and mixed H2-Mv probes. We find that ϳ90% of VSNs that are labeled with the V2r1b probe are negative for the H2-Mv mixed probe in mice of 8 -10 weeks. In contrast, Ͼ98% of VSNs labeled with the V2rf1-3 probe are positive for the mixed H2-Mv probe. V2r1b ϩ cell bodies reside between G␣ i2 ϩ cell bodies and H2-Mv ϩ cell bodies (Fig. 2C) , and V2rf1-3 ϩ cell bodies Figure 2 . Two-and three-color ISH reveal three layers of VSNs. A, Two-color ISH with the mixed H2-Mv probe (red) and the GFP probe (green) on a VNO section of a V2r1b-IRES-tauGFP mouse shows nonoverlapping expression. B, Two-color ISH with the mixed H2-Mv probe (red) and the V2rf4-specific probe (green) shows nonoverlapping expression. C, D, Three-color ISH with the mixed H2-Mv mixed probe (red), the G␣ i2 probe (green), and the V2r1b probe (blue) (C) or the V2rf1-3 probe (blue) (D). Overlay of red and blue results in purple. E, Three-color ISH with the V1rb1 probe (red), the V2rf1-3 probe (green), and the V2r1b probe (blue). F, The apical-basal positions of V1rb1-, V2rf1-3-, and V2r1b-labeled cell bodies in E were measured, with 0 for basal and 1 for apical. They are distributed in distinct layers: V1rb1, 0.52 Ϯ 0.12 (n ϭ 89); V2r1b, 0.26 Ϯ 0.13 (n ϭ 196); V2rf1-3, 0.15 Ϯ 0.11 (n ϭ 159). *p Ͻ 0.01, **p Ͻ 0.01. G, H, Three-color ISH with the G␣ i2 probe (green), the V2r1b probe (blue), and the G␣ o probe (red) (G) or the ␤2m probe (red). H shows overlap of V2r1b signals with both G␣ o and ␤2-microglobulin. I, Three-color ISH with the mixed H2-Mv mixed probe (green), the Mhc-pan probe from H2-Q1 (red), and the V2r1b probe. V2r1b ϩ neurons are also Mhc-pan Ϫ . Arrowheads point to V2r1b ϩ cell bodies in C and G-I and to V2rf1-3 ϩ cell bodies in D. All samples were from 8-to 10-week-old male mice. Wild-type mice were used in B-I. Scale bars, 50 m.
Distinct layer localization of V2R
are located most basally among cell bodies labeled with the mixed H2-Mv probe (Fig. 2 D) . We analyzed the distribution of V1R ϩ cell bodies, V2R ϩ H2-Mv Ϫ cell bodies, and V2R ϩ H2-Mv ϩ cell bodies along the apical-basal dimension of the VNO epithelium with probes for V1rb1, V2r1b, and V2rf1-3, as representative genes, respectively (Fig. 2 E, F ) . V2r1b ϩ cell bodies are located more apically compared with V2rf1-3 ϩ cell bodies, and, in turn, V1rb1 ϩ cell bodies are localized more apically (Fig. 2 F) . We then examined V2r1b ϩ cells, which are not labeled with the mixed H2-Mv probe, further with ISH probes for G␣ o and ␤2-microglobulin (␤2m) and with a pan-Mhc class I probe (Mhcpan) (Fig. 2G-I ). ␤2m is associated in a protein complex with most Mhc class I molecules. The pan-specific Mhc class I probe corresponds to a sequence in the ␣3 region of H2-Q1 that has Ͼ92% homology with most known class Ia genes and class Ib genes (H2-Q and H2-T ) and 77-89% homology to H2-M, which includes the nine members of the H2-Mv family and three other class I Mhc genes. We find that V2r1b ϩ cells are unmistakably positive for the G␣ o probe, such that there is no obvious gap between the G␣ i2 and G␣ o layers (Fig. 2G) . Although most V2r1b ϩ cells are negative for the H2-Mv mixed probe, they are labeled with the ␤2m probe (Fig. 2 H) . V2r1b ϩ cells are negative for the Mhc-pan probe (Fig. 2 I) . Incidentally, the Mhc-pan probe labels H2-Mv ϩ cells, most likely by cross-hybridization with the expressed H2-Mvs, and also labels sustentacular cells, which probably express other Mhc class I genes. Thus, it appears that no known Mhc class I gene, classical or nonclassical, is expressed in V2r1b ϩ cells and in VSNs with cell bodies in the upper part of the basal layer.
M10.2 is expressed in most H2-Mv
ϩ neurons An ISH probe for M10.2 detects the largest number of VSNs among all H2-Mv members (Fig. 3 D, E) . To visualize M10.2 ϩ VSNs and their axonal projections to the AOB, we generated a mouse strain with a targeted mutation in the M10.2 locus that results in cotranslation of bicistronic messages encoding M10.2 along with a fusion protein between tau and Venus (Nagai et al., 2002) , a variant of yellow fluorescent protein (Fig. 3A) . The M10.2-IRES-tauVenus mutation is abbreviated as M10.2-Venus. In coronal sections through the VNO of a M10.2-Venus mouse, large numbers of cell bodies in the basal layer of the epithelium express strongly Venus by immunohistochemistry (IHC) (Fig. 3B) , consistent with the ISH results (Fig. 3D) .
To characterize the expression pattern of M10.2-Venus, we performed ISH with M10.2 and bovine tau probes on VNO sections from heterozygous M10.2-Venus mice (Fig. 4 A) . We observe that the ISH signals overlap completely. This result, together with a similar expression pattern of M10.2 in wild-type mice (Fig. 3D) , indicates that the expression pattern of M10.2 is not altered by the targeted IRES-tauVenus insertion. The overlap further indicates that M10.2 expression is bi-allelic, in contrast to mono-allelic expression of V2r1b (Del Punta et al., 2002b) . More than 95% of the VSNs that are labeled with the H2-Mv mixed probe are also positive for the tauVenus probe (Fig. 4 B) . IHC with an anti-Venus antibody and an anti-V2R2 antibody (Martini et al., 2001) , which presumably labels most or all basal VSNs, shows that nearly all H2-Mv ϩ neurons are situated in the lower part of the basal layer (Fig. 4C) , confirming and extending the ISH observations of Figure 2 .
M10.2
ϩ neurons project to the most posterior region within the posterior AOB The M10.2-Venus mice provides the opportunity, which was thus far not available, to visualize specifically the axonal projections of H2-Mv ϩ VSNs. In whole-mount specimens, bright Venus fluorescence is observed in the pAOB, whereas faint fluorescence can also be observed in the most anterior part of the aAOB (Fig. 5A) . Sagittal sections of AOB of a M10.2-Venus mice were stained by IHC with anti-Venus antibody and with anti-G␣ o an- tibody, which labels the entire pAOB. We find that the posterior two-thirds of the pAOB are innervated by M10.2-Venus axons (Fig. 5B) . The Venus ϩ subdomain is separated from the Venus Ϫ subdomain along the anterior-posterior axis, although the border is not as sharp as for G␣ o (Fig.  5 B, C) . Together with the observation that M10.2 ϩ neurons represent most of H2-Mv ϩ neurons, we conclude that the pAOB consists of an H2-Mv Ϫ subdomain in the anterior third and a H2-Mv ϩ subdomain in the posterior two-thirds. A relatively faint Venus IHC signal was observed in the area around the most anterior part of the aAOB (Fig. 5D) , as is also observed in wholemount view (Fig. 5A) . The origin of this signal is not known.
No obvious role for ␤2-microglobulin in axonal projections
␤2-microglobulin is essential for expression of most Mhc class I molecules on the cell surface (Koller et al., 1990; Zijlstra et al., 1990; Neefjes and Momburg, 1993) . It has been proposed that H2-Mv and ␤2-microglobulin molecules form a VSNspecific, multi-molecular complex and that they participate in transport of V2Rs to the cell surface (Loconto et al., 2003) . ␤2-microglobulin mutant mice reportedly exhibit a defect of V2R expression on dendritic terminals (Loconto et al., 2003) , as evaluated with the anti-VN4/V2R antiserum (Martini et al., 2001 ). However, we were unable to confirm this defect (our unpublished observations). In any case, our observation that some of the V2R ϩ VSNs are H2-Mv Ϫ raises the possibility that transport of some V2Rs to the cell surface is independent of H2-Mv. A possible role of H2-Mvs in the formation of segregation of axonal projections between H2-Mv ϩ and H2-Mv Ϫ neurons in the AOB was tested in ␤2-microglobulin mutant mice, crossed with M10.2-Venus mice. We do not observe an obvious difference between wildtype ( Fig. 5 B, C) and mutant (Fig. 5 E, F ) mice.
Thus, it is possible that not all V2Rs require ␤2-microglobulin and H2-Mvs for surface expression.
Axonal projections of VSNs expressing a particular V2R gene
We previously reported a mouse strain with a targeted mutation V2r1b-IRES-tauGFP (abbreviated as V2r1b-GFP mice) (Del Punta et al., 2002b) . With a similar genetic design, we generated a novel mouse strain with a targeted mutation in the V2rf2 gene such that BL is cotranslated with V2rf2 from bicistronic messages (Fig. 3A) . The V2rf2-IRES-barley lectin strain is henceforth abbreviated as V2rf2-BL. Barley lectin is an axonal marker and has also been used for trans-synaptic labeling (Horowitz et al., 1999; Yoshihara et al., 1999; Zou et al., 2001) . In coronal sections of the VNO, scattered VSNs are revealed by immunohistochemistry with an anti-BL antibody (Fig. 3C) . In AOB sections, BL ϩ axons coproject to the same glomeruli as GFP ϩ axons of V2rf2-IREStauGFP mice (data not shown).
We determined the location of glomeruli for V2r1b and V2rf2 in the AOB of V2r1b-GFP and V2rf2-BL mice, respectively. V2r1b glomeruli are located anterior to V2rf2 glomeruli. V2rf2 glomeruli reside within the anterior region of the M10.2 ϩ subdomain (Fig. 6 A) , and V2r1b glomeruli reside within the anterior region of the pAOB (Fig. 6 B, C) , which corresponds to the M10.2 Ϫ subdomain. Together, VSNs expressing a particular V2R project their axons to a domain of the AOB along the anterior-posterior axis (Fig. 6 D) , with a relative order that corresponds to the layers in the VNO epithelium along the apical-basal axis.
M10.2 protein localization in the VNO and AOB
IHC with an antibody directed against M10.7 (Loconto et al., 2003; M10.5 in our nomenclature) has revealed the presence of M10.5 at the VNO dendrite tip but not at synaptic terminals in the AOB, suggesting a role of H2-Mv in dendrites but not in axons. To examine further the H2-Mv subcellular localization, we generated a novel mouse strain in which GFP is fused to the C-terminal end of M10.2 (Fig. 7A ). This mouse is abbreviated henceforth as the M10.2::GFP. In the VNO of 5-week-old mice, M10.2::GFP signal by IHC is abundantly present at microvilli in the VNO (Fig. 7 B, C) . Interestingly, M10.2::GFP is also clearly detected in the glomeruli of the AOB (Fig. 7 D, E) . IHC in the AOB of M10.2::GFP is very similar to that of M10.2-Venus, indicating that the expression of M10.2 is not altered by the targeted insertion of GFP.
Thus, M10.2 protein localizes both in dendrites and axons of VSNs. 
Discussion
Our developmental analysis of M9 and V2rf1-3 coexpression reveals that M9 expression does not reach a stable level until adult stage, when the ratio is nearly 1:1. Postnatal onset of other H2-Mvs and coexpression patterns of other combinations of H2-Mv and V2r (Ishii et al., 2003; Loconto et al., 2003) suggest that expression of H2-Mv genes undergoes a "maturation" until it is stable in adulthood. This maturation may imply that H2-Mvs function in adult mice rather than in developing mice.
VSNs expressing V2Rs, such as V2r1b and V2rf4, are negative for the mixed H2-Mv probe, although they express ␤2-microglobulin, a polypeptide that is typically but not always associated with class I Mhc molecules. We offer five interpretations for these observations. First, these VSNs indeed do not express any class I Mhc gene. Second, the expression level of some H2-Mvs is below the sensitivity of ISH. Third, class I Mhc genes other than the nine H2-Mvs are expressed in these VSNs. However, even the Mhc-pan probe derived from H2-Q1 does not reveal expression of class I Mhc genes in V2r1b ϩ neurons. Fourth, expression of class I Mhc genes is induced in certain conditions. Fifth, ␤2-microglobulin itself functions as an escort protein for surface expression of V2Rs in VSNs that do not express any of the nine H2-Mvs.
We constructed an unrooted tree of amino acid sequences from the most recent analysis of the mouse V2R repertoire (Young and Trask, 2007) and is shown in Figure 8 . We overlaid the information that is available about ratios of coexpression with H2-Mv genes. Interestingly, V2rf4 is not coexpressed with H2-Mv genes, whereas the closely related genes V2rf1, V2rf2, and V2rf3 are nearly always coexpressed with H2-Mv genes. Such striking differences can perhaps be developed as an experimental model to understand the mechanisms of coexpression.
H2-Mv Ϫ VSNs are localized in the upper sublayer of the basal layer, thus in the middle layer of the epithelium of the VNO. Our studies thus reveal a tripartite organization of layers in the epithelium of the mouse VNO, defined by gene expression patterns:
In rat, expression of V2Rs is also regionalized into two to three layers along the basal-apical axis (Herrada and Dulac, 1997) . Because M10.2 is expressed in the majority of H2-Mv ϩ neurons, the M10.2-Venus mice are a useful, and thus far unique, strain to visualize H2-Mv ϩ neurons and their axons. We find that M10.2 ϩ VSNs project their axons to the most posterior two-third of the pAOB, revealing a novel compartmentalization of the pAOB. Consistent with the division of the pAOB into an anterior H2-Mv Ϫ subdomain and a posterior H2-Mv ϩ subdomain, glomeruli for V2r1b ϩ VSNs, which are H2-Mv Ϫ , are distributed within the anterior region of the pAOB, and glomeruli for V2rf2 ϩ VSNs, which are H2-Mv ϩ , reside within the anterior part of the M10.2 ϩ domain, thus in the middle third of the pAOB. Together, our observations indicate that the pAOB exhibits also a tripartite organization, with subdomains arranged along the anterior-posterior axis. The biological significance of this compartmentalization is not clear, but it could subserve aspects of the processing of chemosensory information.
A correlation between positions of cell bodies and axonal projection sites is also known for the main olfactory system: odorant receptor (OR) expression zones in main olfactory epithelium correlate roughly with the dorsal-ventral positions of glomeruli in the main olfactory bulb (Alenius and Bohm, 1997; Vassalli et al., 2002; Nakatani et al., 2003; Miyamichi et al., 2005) . However, there is a fundamental difference in the axis of organization: the compartments of OR gene expression occupy a part of the surface area of epithelium ("zones"), but the three compartments of V1R/V2R gene expression occupy the entire surface area of the epithelium of the VNO and are organized in a dimension that is perpendicular to the surface ("layers").
There is some evidence that H2-Mv proteins interact with V2Rs and that H2-Mvs promote cell surface localization of V2Rs in a heterologous cell expression system and in mouse (Loconto et al., 2003) . In contrast, in our hands, V2R IHC signals along dendritic processes are also present in ␤2-microglobulin mutant mice and indistinguishable from wild-type mice (our unpublished observations). Insofar as H2-Mvs are dependent on ␤2-microglobulin for surface expression, our observations suggest that H2-Mvs do not function always as essential chaperone molecules for V2R molecules. Perhaps H2-Mvs may be involved in sorting or recycling of V2R molecules in endosomes. Immunoelectron microscopy will be necessary to examine definitively the subcellular localization of V2R proteins. Additional arguments against a generic chaperone function of H2-Mvs are that some V2Rs are not coexpressed with H2-Mvs (this study) and that H2-Mv genes are absent from the opposum genome, which has nonetheless many intact V2R genes (Shi and Zhang, 2007) . The H2-Mv-defined subdomains in the AOB do not depend on ␤2-microglobulin expression, as indicated by a normal projection of M10.2-Venus ϩ axons to the AOB in ␤2m-deficient mice. Although H2-Mv can form a complex with ␤2m (Olson et al., 2005) , H2-Mv function may not require ␤2m, because some class I Mhc molecules such as MIC and ZAG can function without ␤2m (Rodgers and Cook, 2005) . Finally, the behavioral defects observed in ␤2m-deficient mice are difficult to interpret in terms of defective H2-Mv/V2R function, given the ubiquitous expression of ␤2-microglobulin in nearly every cell of a mouse.
Our observations of M10.2::GFP protein in both the dendrites and axons are consistent with dual roles of H2-Mv molecules. Human and mouse class I and class II MHC molecules have been tagged with GFP, by transfection in cultured cells or by targeted mutagenesis, and no deleterious effects of the tagging on subcellular location or biological function have been observed (Wubbolts et al., 1996; Grommé et al., 1999; Boes et al., 2002; Zwart et al., 2005) . Because H2-Mv genes are expressed in a variegated manner in V2R ϩ VSNs and some V2R ϩ VSNs do not express H2-Mv genes, H2-Mvs may have supportive or modulatory functions for particular but not all types of V2R molecules or have functions that are independent of V2Rs. Combinatorial coexpression of H2-Mvs and V2Rs (Ishii et al., 2003; Loconto et al., 2003) and association of H2-Mv with V2R molecules (Loconto et al., 2003) suggest that H2-Mvs may function, in some cases, in a V2R complex in VSN microvilli and may be involved in the reception of pheromone ligand as a receptor or a modulatory factor or in signaling directly or indirectly. The "maturation" of H2-Mv expression in adulthood could alter the recognition ability of sensory cues by modifying V2R functions or by adding chemosensory receptor functions of H2-Mvs. Mhc peptide ligands can function as chemosignals in VSNs (Leinders-Zufall et al., 2004; Boehm and Zufall, 2006) . V2R
ϩ VSNs respond to Mhc peptides in a manner similar to peptide recognition by class I Mhc molecules, and these peptides function as a mate recognition cue in the context of the pregnancy-block effect. Therefore, it is tempting to speculate that Mhc peptide ligands may bind to H2-Mvs, although the only H2-Mv tested, M10.4 in our nomenclature, does not appear to bind classical Mhc peptide ligands (Olson et al., 2005) .
The best known function of class I Mhc molecules is to present peptide antigen from self and non-self origin to T-cell antigen receptors (Neefjes and Momburg, 1993) . Because M10.2::GFP is expressed in dendrites and axons, essentially throughout the VSN, it cannot be excluded that the main function of H2-Mvs is in immune defense. However, over the past decade, class I Mhc molecules have been implicated in the refinement of synapse formation and plasticity in the visual system and the hippocampus (Corriveau et al., 1998; Huh et al., 2000; Boulanger and Shatz, 2004) and in the maintenance of synapses of motoneurons (Oliveira et al., 2004) . Mhc molecules are localized postsynaptically in dendrites of hippocampal neurons and appear to be involved in homeostatic regulation of synaptic function and morphology in response to neural activity (Goddard et al., 2007) . A candidate Mhc class I receptor is expressed in subsets of neurons throughout the brain (Syken et al., 2006) . The presence of M10.2 protein at axon terminals suggests that H2-Mvs may also have synaptic functions and modify synaptic connectivity or plasticity at an adult stage, perhaps resulting in dynamic functional changes of a subpopulation of V2R ϩ H2-Mv ϩ VSNs. Because V2R proteins are not detected in the AOB by the anti-VN4 antibody (Martini et al., 2001) , the function of H2-Mvs at axon terminals may be independent of V2R molecules. H2-Mv protein operating at presynaptic sites, in contrast to class I Mhc molecules functioning at postsynaptic sites in the classical models for neuronal Mhc expression, may reveal novel functions of class I Mhc molecules in neural connectivity.
Definitive answers about the various proposed functions of H2-Mv molecules await the generation of mice that lack all nine H2-Mv genes. Young and Trask (2007) were aligned using ClustalX, with 1000 bootstraps. V2R genes that are detected with a given probe are shown within a circle. The ratios of V2R ϩ cells that are colabeled with a mixed H2-Mv probe by ISH are represented in various colors, from low (yellow) to high (red). Probes should detect the following V2R genes: V2ra (84) (85) (86) (87) (88) (89) 121) , V2rb (Vmn2r28 -52), V2rc (Vmn2r91-110), V2rf1-3 (Vmn2r80 -82), V2r1b (Vmn2r19 -27 ), V2rf4 (specific for Vmn2r83), and V2ro (specific for Vmn2r65).
